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1. Introduction

Many attempts have been made to improve the varlous proper-
ties of 18-8 series stainless steel, which is used as heat re-

sisting steel, by adding to it different kinds of alloying ele-

e R

ments. These alloying elements are divided mainly into the @é@ﬁffﬁff}
followlng 3 categories according to their behavior in steel. These
are (1) interstitial solid solution elements such as C, N and B

which are considered to dissolve interstitially in steel, (E)Léﬁiﬁng
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carbide forming elements whose solubility in austenitic (gamma)
base is low and which preclpitate or disperse in steel in the
form of carbides, and (3) substitutional solid solution elements
such as Mo, W and Cu which are mainly considered to dissoclve 1in
gamma base through substitution, although some of them do form
carbides. Of these, the effects of (1), the interstitial.solid
solutlon elements, have already been exadmined in another report
[l] which dealt with the precipitation behaviors chiefly of
M (C, N)6 or M (C, 5)6 and their correlatlion with high tempera-
tige,strength. E%n thls report, we willl deal wilith the results of
research into the effects of (2), the strong carbide forming ele-
ments.
Of the 18-8 series steels to which the strong carbide forming
elements Ti and Nb have been added, 321 steel and 347 steel‘%ye;}
'“yéspéctiyely most widely used as heat resisting steel, and many
étudiés [2 - 14] have been conduected regarding thelr high tempera-
ture strength and structural changes. These two steels were origli-
nally devéloped for the purpose of preventing graln boundary cor-
rosion which accompanies the Cr € precipltation of 18-8 stainless
steel, but it is thought that tigyGalso came to be utilized as heat
resisting steel because of their execellent high temperature charac-
teristics. However, there remains the question of whether?gﬁiﬁot the

quantities of added Ti and Nb in these steels, which were determined

from the standpoint of grain boundary corrosion, are alsc optimal

(9

»
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in terms of high temperature strength. Inthﬁagg%ééisting Steels,
the precipitation of M C 1s not necessarily related with the de-

23 6
tericoration in the quality of the materials. In fact, cases have
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even been verified in which high temperature strength 1s increased
significantly depending on the precipitation phase or the state of
dispersion [M] , 80 that it would seem more appropriate to add
optimal quantities of Ti and Nb for obtaining a state of cafbide
dispersion in which creep resistance is at 1its highest, rather than
to add adequate guantities of Ti and Nb for fixing the carbon.
Nakagawa et a%. [15] once made a study of the effects of Nb and Ti
with respect Eo 18Cr-12Ni steel, but they only investigated rupture
time under constant stress, and, in addition, their tests were limited
to relatively short durations of under 1000 hours. It would seem,
therefore, that there is a need io conduct a more detalled study
which also takes the correlation with the disperslion state of the
precipitated carbides into account. From this viewpoint, we at-
tempted to examine in this report the relationship between high

temperature strength and microstructure by varying the amounts of
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added Ti and Nb over a wide range, and to determine the optimal
amounts of Ti and Nb added.

V is also one of the strong carbide forming elements, but
since the addition of this element causes a marked deterioration
in the oxidation resistance of steels of the type in question,
there have hardly been any reports on the creep rupture charac-
.teristic of austenitic steel to which V alone has been added [16].
On the precipitation of V carbides, too, there have 6n1y been a’)
few reports [17, 18]. But wilth progress in research on the pre-
vention of high temperature oxidation, it appears that 1t could
eventually be prevented to a considerable extent through the use of

coating materials, so that it can be assumed that V should‘Q§ﬂE§3£W%;
celving attention anew as an alloying element for heat reslsting |
austenitic steel in the future. For thils reason, the effect of V

on high_temperature strength was also studied 1in this report, and

the correlation with the behavior of the carbides was examined.

2. Experimental Methods and Steel Samples

For the basic composition, 18%Cr-10%fNi, which is eguivalent to

[4]



regular 321 and 347 steels, was selected, and the amount of carbon
was set at 0.10%, which is a little higher than normal, for the
purpose of examining the effects of the carbides, Thelamounts of
Ti added were in 7 levels from 0.04 to 1.13%, the amounts of Nb
addéd were 1n 8 levels from 0.07 to 1.20%, and the amounts of V
added were in 4 levels from 0.4 to 1.5%.

The samples were heated In a 50-kg high frequency furnace,
and after 1 hour of so0lid solution heat treatment at 110000, they
were subjected to creep rupture tests at 65000 and TDOOC for the
steels to which Ti and Nb have been added and at 600°C, 700°C and

800°C for the steel to which V has beén added. In addition, the (75

780

==

steels to which Ti and Nb have been added were subjected to aging
treatment for 1000 hours at 700°C and observation of the struc-
tures was conducted. During this, the s0lid solution heat treat-
ment was set at 120000 and 1 hour since the objective was the ob-
servation of the precipitates. 1In theecé§étbf_tgeﬁsﬁééifﬁécﬁhiéﬁ
V has been added, the agédgsaﬁpiéfwas-éiég subjected to solid
solution heat ftreatment at llGOOC far 1 hour 1in order to take
high temperature oxidation into account, and then aging treat-
ment was performed at 65000 and at TOOOC for up to 1000 hours.
The gamma grain sizes of the steels for the 1100°C - 1 hour solid
solution samples which were subjected to creep rupture tests fell
wilthin the grain size number range of 5 - 9, as indicated in Table
1.

The observation of the structures was conducted by means of an

electron microscope using the extractlon replica method {(a Virella

solution for first stage corrosion, a 10% brome alcohol solution

[51
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Fig. 2. Relationship befween 10%hr rupture strength

‘ and Ti/C atomic ratio of the I6Cr-1GNi
steels containing various amount of titanium,

for second stage corrosion). The samples for the scanning electron
microscope and an X-ray micro-analyzer (XMA) were prepared by
buffing followed by electrolytic etching using an aqueous solution
of oxalie acid. The identification of the precipitates was con-
'ducted mainly by means of selected area electron beam diffraction
of the extraction replica films, but transmission eleectron mlcro-
scope observatlon using thin films was also conducted dn séme cases
for verification.

The chemical compositions of the tested steels according td
check analysis are shown in Table 1. The S1 and V0O steels are
steels of basic compositions without the addition of Ti, Nb or V.,
The Til to Ti7 steels wilth Ti added are within the Ti/C atomic
ratio range of 0.13 to 3.54, and of these, Ti% is equivalent to the
regular 321 steel. There is, incldentally, considerable variance
in the analytleal values'of the amount of insoluble nitrogen. It
is believed that this insoluble nitrogen is present malinly in the

form of TiN, and that consequently, the amount of effective T1

B



is also affected by its quantity. But since the amount of T1 which
1s fixed by the 0.01% range of this variance in insoluble nitrogen
i8 only about 0.03%, the variance'in insoluble nitrogen would not
seerl Lo pose any problems during the discussion of the results of
this experiment to be given later.

In the case of the Nbl to Nb8 steels with Nb added, the Nb/C
values at 0.10 to 1.72 are again well within the range (i which
the carbon can be fixed adequately by the Nb. The V/C values of

the V1 to V4 steels with V added are from 0.77 to 3.01.

3. Experimental Results

3.1 Effects of Ti

3.1.1 Creep Rupture Strength

The creep rupture curves of the Ti2 and Tif steels at TOOOC
are indicated in Fig. 1 and show the representative behavior of
steel to which Ti has been added. The Ti2 steel has a Ti/C (atomic
ratio) of 0.3, but indicates an approximately linear behavior up
to the vicinlty of IOQ hours. In contrast, the Ti6 steel (Ti/C =
2.0) demonstrates extremely high strength on the short time pericd
side, but inversely, itsﬁéﬁféng@h shows a tendency to decline to
below that of the Ti2 steel at 10ll hours. The relationship between
the T1/C atomic ratio and creep rupture strength for these and
other steelsiigeshown in Fig. 2. The creep rupture strength values
for the varlous steels were obtalned from thelr creep rupture curves
at 65000 and TOOOC using interpolation for 103 hours and inter-
polation for some and extrapolation from several thomgénd hours

4
for the others in the case of 10 hours. Although no increase 1is
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seen in the strength for 650°C and 10 hours up to the Ti/C value

of gbout 0.4 with a tendency for even a slight decline, the
strength increases rapidly as thelTi/C value rises further aﬁa
shows the maximum value at around 1l.2. Beyond this point, the
sfrength demonstrates a tendency to decline with the 1lnerease in
Ti/C. Similar tendencies are seen in.the cases of 65000 and 10
hours and TOOOC and 103 hours, but in the case of TOOOC and 10h
hours the sﬁrength 1s at 1ts highest at the Ti/C ratio of about
0.8 with the peak position shifted toward the low Ti/C side.

From these observations, it may be concluded that the high
teﬁperature strength is high in the Ti/C ratio interval of 0.8
- 1.2, with further additions of Ti leading to a decline in strength,
and that on the high temperature, long‘p?ménéériod sideﬁin particu-
‘lar, the maximum strength 1s obtéined when the Ti/C value 1s slight—

ly less than 1.

3.1.2 Strueture
With respect to the struectures of the various steels with Ti

added, which were subjected to solid solution heat treatment at
110006 for 1 hour, some minute undissolved carbides,'apparently
_ TiC, were detected in steels with more than 0.64% of Ti within the
- £ange of observation of the scanning electron microscope. But
these carbldes were hardly detectable in those with smaller amounts
of Ti, so that 1t would seem that solid dissolving was almost .com-
plete inaiﬁﬁﬁéygﬁﬁ,with low quantities of Ti.

B Photo. 1 shows examples of electron micrographs of the struc-

tures of Til, Tilh and Ti6 which were aged or creep-ruptured '

8



at 700°C. a) is the structure of Til steel (Ti/C=0.13) aged for

1000 houré, and b) 1s the structure of the sample ruptured at 3620
hours. In both instances, somewhat coarse grain boundary carbides

and M C that has developed into triangular, flake-like forms are
obserigdf and 1n the ruptured sample, a conslderable amount of Eizgii
precipitation 1s seen inside the gralns as well. Tﬂese structures

are often seen in regular 18-8 steel, and in terms of strength also,
Til is equivalent to S1 without the added Ti. ¢) and d) are struc-
tures of Till steel (T1/C6=0.77) in whieh flake-like M € forms are
cbserved after a short time period but ne such M ¢C 2gogms are seen

at over 1000 hours. i@ﬁg}strength for 700°C and %g”6hours is

highest at the Ti/C value of 0.77, and the agglomefation of carbides
appears to be slow on the long time period side. In c¢) especially,
M2306 appears in granular forms in rows inside the gamma grains to
show a preclpltation morphology considerably different from that of
a). As we shall discuss later, in the case of NbEpreferential pre-
ecipitation of NbC on the dislocation is observed from time to time,
In the case of Ti in the present experiment too, it is conceivable
that TiC first precipltated on the dislocation and then, with this
as the nucleus, the preecipitation of M23C6 took place to form such
bead-like precipitates. Since the Ti/C value of this steel is less
than 1, the T1 obviously cannot filx all of the C so that the pre-

cipitation of M 06 occurs in succession. But 1t 1s interesting

23
that the precipitation of TiC occurs in the form of offering pre--
cipitation sites for this preéipitation-df M,.Cg. €) and f) are
structural examples of Ti6 steel (Tt/C=2.0), a steel whose strength

declines on the long time period side as indicated in Fig. 1.
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Photo. 1. Electron micrographs of titanium added steels aged or creep-ruptured at 700°C

(extraction replica).
s

After a short time period many granular TiC formations are observed
inside the grains, but at over 1000 hours thread-like TiC formations
appear everywhere inside the grains as seen in the photographs.
These forms of TiC are also belleved to have precipitated on the
dislocations. They are also partially observed in Tib, but are
few guantitatively.

The rupture time ranges within which these thread-like pre-
cipitates are detected in the extractlion replica observatlons are
plotted against the Ti/C ratio of the samples to give the diagram

in Fig. 3. Thread-like TiC formations are not detected in samples

10



with small amounts of Ti or short rupture time periéds, and the
precipitation range at 700°C spreads ‘foward lower Ti/C ratio than
that at 65000. In other words, the tendency toward thread-like
formations 1s greater in those samples with higher Ti/C values,
longer rupture time periods and higher temperatures. On the other
hand, since C could not be fixed Sufficlently by Ti in the sample
of Ti6 steel ruptufed at T700°C and 2131 hours either so that the EZEE]
presence of M23C6, although quantitatively low, was detected, it
¢an be assumed that M23C6 precipitates occcur 1n all the samples.

The results of electron beam diffraction of the thread-like
precipitates seen in Photo. 1 (f) are shown in Photo. 2. a) is
a bright field image from which it can be gathered that the minute
precipitates constitute threads in complex, intertwining formations.
On the basis of the diffraction image in b), these precipitates are
identified as being mainly TiC, but diffraction spots whiﬁh were
apparently caused by other diff}action phases were also observed i1n

part.

3.2 Effects of Nb

3.2.1 Solid Sclution Structure

A scanning electron microgfaph of the structure of a sclld
solution treated sample of Nb8 steel 1s shown in Photo. 3. What
looms in the center is delta ferrite, and the white, shiny gra-
nular formations are undissolved NbC. Judglng from 1ts distribution
pattern, this undissolved NbC 1s assumed to have formed during
solidification and remained without dissolving. Since this undils-

solved NbC was observed 1n relatively small amounts in Nbl, Nb3

ey
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and Nb5 steels, and in large amounts in Nb7 and Nb8, it may be as-
sumed that Nb of up to the ratio of about Nb/C=0.6 can be dissolved
to a considerable extent by means of solid solution treatment of
120000 and 1 hour.

The amounts of delta ferrite were measured by means of line
analysis. The results showed that there was practically none in

Nbl, Nb3 and Nb5 steels, while there was 1.1% in Nb7 steel and

12
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g) NbB aged far 1000 hr h) Nb8 9kg/mm?, ruptured at 2980 hr

Photo. 4. Elecron micrographs of niobium added steels aged or ereep-ruptured
at 700°C (extractionTreplica).
3.6% in Nb8 steel. These results led us to surmise that part of
the added Nb was perhaps concentrated in the delta ferrite. We
therefore scanned the delta ferrite for Nb with the XMA, but in
contrast to the inside of gamma, practically no increase 1n the
Nb concentration could be observed in the delta ferrite. 1In fact,

a tendency was observed for the concentration to decrease, so that

13
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Fig. 5. Creep rupture curves of the steels V0, VI and V2.
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it may be assumed tentatively that Wb is distributed uniformly

in the base.

I
i

3.2.2 Creep Rupture Strength

The creep rupture stnéﬂgths for 10° hours and 104 hours and
650°C and TOOOC in the case of Nbl - Nb8 steels with varying amounts
of added Nb are shown organized according to the Nb/C (atomic ratio)
of the samples in Fig. 4. With 650°C and 103 hours, the strength
increases up to the Nb/C ratio of about 0.7, but beyond that, the
strength does not vary very much with the lncrease in the Nb/C value.
A more or less similar tendency 1ls observed for the strength curves

4 hours and TOOOC and 103 hours. They reach the

of 650°C and 10
maximum at the Nb/C value of about 0.4, but beyond there, increase
in the Nb/C ratio 1s not accompanied by an increase In the strength.
In fact, a tendency for even a slight decline 1is observed. This

tendency is even more conspicuous for TOOOC and 104 hours, in which
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stecls containing various amount of vanagdium,

the maximum strength is demonstrated at the Nb/C value of about
0.2, with the strengﬁh declindng as the Nb/C value increases
further. _

From the above findings, it may be assumed that in fhe case
of 347 steel, which is currently in use with Nb/CPl as the standard,
it would be a better idea to decrease the amount_of Nb when this
steel is being used for purposes in which hlgh temperature strength

is important.

3.2.32 Structure L=

The representative structures of the aged and creep-ruptured
éamples of Nbl, Nb3, Nb7 and Nb8 steels at TDOQC are shown in Photo.
4. a) is the aged structure of Nbl steel (1b/C=0.10) which has the
‘highest rupture strength at 700°C and lDu hours, and.rectangulaf



M23C6 precipitates are observed scattered inside the gamma grains..
With the sample ruptured at 11930 hours in b), M2306 precipitates
of various shapes are distributed all over the inside of the grains
and their agglomeration is guite sldw. In the case of Nb3 steel
(Nb/C=0.38) shown in c¢), the precipitation of M,,Cq has ocurred
with the thread-like NbC, which has precipitated on the disloca-
tlons, as the nuclei. Thils phenomenon was also observed in the
Ti steels, In d), the sample of the same steel ruptured at 7270
hours, granular NbC carbide formations become conspicucus. In
Nb7 and Nb8 steels with greater Nb/C ratios, undlssolved carbides
are seen and the amount of MESCG precipitates decreases. But
what is interesting in comparing e) and g) with f) and h) 1s that
while most of the NbC precipltates observed in the creep-ruptured
samples are granular, the precipitation of NbC in the aged samples
occurs mainly in thread-like formations. It 1s believed that this
is due to some kind of effect creep deformation has caused in the
nucleation and growth of the precipitates, but the particulars are
not clear.

As demonstrated by the above findings, the creep-ruptured
structures vary-somewhat according to the value of Nb/C. In otﬁer

words, whereas the precipitation of M occurs preferentially in

23%
the steels with low Nb/C ratios, delta ferrite or undissolved NbC
formations are present in Hb7 and Mb8 steels and also, the precl-

pitation phase 1s mostly NbC with a little M23C6.

[16]
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3.3 Effects of V

3.3.1 Creep Rupture Strength

The creep rupture curves of VO - Vi at GDOOC, 70000 and BOOOC
are shown in Fig. 5. 1In the case of 600°C, the rupture strength ___
at 103 hours is observed to be higher than V0 with no V added by iéggij
about 8 kg/mm2 for V1 and by about 11 kg/mm2 for V2. In addition,
the creep rupture curve gradients of both V1 and V2 are considerably
milder than that of V0O, and the improvement in strength by the ad-
dition of V becomes more marked as the curves approach the long
time period side. In the case of 700°¢C too, the strengths of V1
and V2 are higher than that of V0, but the tendency of the stress-
ruptur? curves is.slightly different from the case of 60000. In
other words, the gradients of V1 and V2 on the short.time pgriod
slde do not vary much from the gradients at 60000, but on the long
time period side théy become more or less parallel to the VQ curve.
At 800°C V1 and V2 agaln demonstrate greater rupture strengths than
V0, but a bending of thefFurves, such as the one observed at TDOOC,
is neot zeen this time. éimilar tendencies are observed for V3 and
V4 but there 1s practically no dlfference in the strengths of these
two steels which demonstrated about the same strengths as that of
V2 except in the case of 600°C.

The conspicuous changes in the gradients of the creep rupture
curves caused by the test temperatures, as indicated above, aré
peculiar to steel with added V and are usually not seen in the case
of other added elements. Even with the comparative sample of VO
steel, the creep rupture curves of the various temperatures are
more or less parallel.
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a) V1 I8kg/mm’ 110 hr b) \."-l- Itkg/mm? 239 he c) VI lkg/mm* 9o he
d) V2 2%g/mm? 55 hr ¢) V2 l4kg/mm? 416 hr f) V2 ldkg/mm? 416 hr
g) V4 26kg/mm? 15 hr h) V4 l6kg/mm? 229 hr i) V4 llkg/mm?® 1508 he

Photo. 5. Electron micrographs of vanadium added steels ereep-ruptured ac 700°C
(extraction replica).

Fig. 6 shows the relationships between the V/C atomic ratios
of the samples and fthe 103 hour rupture strengths at the different
temperatures. At 60000, the increase 1n V/C ratio is accompanied
by an increase in the 103 hour rupture strength. With TOOOC too,
the strength rises with the increase in V/C ratio, but the strength
approaches a constant value in the vieinity of V/C=1, and it 1is
shown that any further increase in V does not contribute much to
the improvement of strength. An increase in strength due to the

addition of V is agaln observed in the case of 800°C, but its effect

18
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15 much smaller compared to the cases of 600°C and 700°C.

3.3.2 Structure | [7%%?
The observatlon of structure was conducted by means of ex-

traction repilcas from the samples creep-ruptured at GOOOC, TOOOC

and 800°C. At 600°C, the coarsening of the grain boundary carbide

M23C6 is slightly accelerated with increase in the amount of V ad-

ded, but practically no coarsening tendency was observed 1in the

M2306 precipitaﬁing insidé the grains. In addition, during the

identification of the precipitation phase by means of selected ares

electron beam diffraction, practically no V carbides (nitrides)

were observed and only M C6 was detected.

23
Next , ‘examples of 'thé structures of samples creep-ruptured at

7ODOC are shown in Photo. 5. a) is the structure of the V1 steel
sample ruptured at 110 hours. M2306 which has grown along the

gamma grain boundary and granular VQC precipitates [13] beside it

are seen. b) ié the sample again of V1 steel, ruptured at 239 hours.
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Pheto. 6. Electron micrographs of vanadium added stecls
aged at 700-C (extraction replica).

Here, on the gamma graln boundary and granular VEC inside

M2306
the grain are observed. In c¢), the V1 steel sample ruptured at

946 hours, the rod-like and rectangular-shaped precipitates are
M23C6 according to the result of identification, and between these
are observed granular V,C and thread-like precipitates. These
thread-like precipitates are VC, to be discussed later, which was
not detected in the cases of short rupture time periods. d) is the
V2 steel sample ruptured at 55 hours, and here the precipitation

of V,C has occurred. In e) where the rupture time period is longer,
M2306 which has precipitated in a plate-like shape on the grain
boundary is observed together with thread-like VC whlch has pre-
cipitated beslde it. Inside the grain, granular vzc can be observed

in some parts as shown by f). In the case of VI steel with a large

amount of added V, the M23C6 carbide which has precipitated on the

20



grain boundary and thread-like VC are seen iIn the structure g) of
‘the sample ruptured at 15 hours, but granular vzc can be hardly
detected. In the sample h) ruptured at 229 hours, too, there are
only the M23C6 precipitated along the gralin boundary and thread-
like VC, but here, the amount of precipitation of thread-like VC
is larger. In i) with a longer rupture time period, the coérsening
of‘M23C6 6n theigfaiﬁhbéundary is conspicuous.
From these flndings in the observation of the creep-ruptured
usamples at TOODC, it was verified that the precipitation of M2306
iﬁ all ruptured samples containing Vioccurs mainly on the grain
boundaries., Granular V,C was found in V1 and V2 steels ruptured
in less than about 500 hours, while thread-like VC was detected in
V1 steel ruptured at about 1000 hours,_in V2 steel samples ruptured
. at more than aboﬁt 500 hours, and in all ruptured sampiés of V4
steel.

In the structural obsgervation of creep-ruptured samplés at

. 800°C, 2 types of precipitates, namely M,.C, carbide and thread-

23

iike VC, were found, but granular V_ C was not detected. A tendency

2
- was observed‘for‘the amount of precipitation of thread—like VC to
inerease with greater amounts of added V and wilth lohger ruptﬁre
time periods.

| | Next, some representative structures of samples aged at TOOOC
are shown in Photo. £. Compared to the creep-ruptured samples,
there are no consplcucus differences seen in the structures of the
aged samples. In a), the V1 steel sample aged for 10 hours, lumps

of M23C6 which have precipitated on the grain boundary are seen. .

‘When the aging period reaches 300 hours in b), small, granular VZC

B {5{]
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a) Image b) Dark image ¢ ) Diffraction pattern
Photo, 7. Transmission electron micrographs and diffraction pattern of the carbide M,,C,
precipitated in V2 steel aged for 100hr at 650°C.

precipitates occur beside the M23C6' ¢) is V3 steel which contains
a large amount of V, and in this case, granular Vgc and thread-like
VC are already present together after an aging period of 30 hours.
In d) with the much longer aging period of 1000 hours, the struc-
ture consists entirely of M2306 and thread-like VC with granular

VEC no longer detected.
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As the findings above show, the types of precipitating car-
bldes vary according to the amount of V and the heating period. %_787
These relationships at TDDOC can be expressed as shown in PFig. T.

In other words, in aged specimen a) M23C6 is found in all the sam-
ples, and the amount of precipltation therein inecreases with longer
aging periods. Granular V2C is precipitated only in steels with
certain speciflc amounts of V, and furthermore, the precipitation
oceurs before that of thread-like VC at a certain stage of advance-
ment of the aging process. In addition, the thread-like VC increases
with greater amounts of V and longer aging periods. HNo conspicuous
differences are observed in ruptured specimen b) when compared to
the aged specimen, with the precipitation of the same types of
carbides being detected for the same retégtion times at TOOOC.
It would seem that in the case of creep-ruptured samples, unlike in
the case of aged samples, the stress load would affect the precipi-
tation process. In the case of steels with added V, however, all it
does is to advance the precipitation perilod of the carbides slight-
ly, so that its effects are not seen consplcuously in the forms or
the distributicon of the precipitated carbides. In a similar struc-
tural diagram prepared for 65000, the types of precipitating car-
bides were the same as for TOOOC, but the advancement of their
precipitation was slower. It was observed that when V3 steel of
V/C=2.26 was aged for 1000 hours at 65000, VEC 8till did not dis-
appear.
3.3.3 Electron Microscope Observation and Identification of —
Preciplitates by Means of Thin Film L /88 ]
Transmission observation by means of the electrqn microscope

23]
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Photo. 8. Transmission electron micrographs and diffraction pattern of thread-like carbide VC
precipitated in V2 steel aged for 100hr at 630°C,

and identification by means of electron beam diffraction were con-
ducted on representative carbides which were observed in Photo. 5
and Photo. 6. Photo 7 a), a bright field image, shows carbides
which have precipitated on the grain boundary. Such precipitates
were detected in large numbers in the extraction replicas as well.
The dark field image b) was obtained from the diffraction spot

which appears at a point 1/3 of the way across the base 1n the
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13

electron beam diffraction image c¢) {(point b in the key diagram).

'A The dark field image indicates that the above-mentioned diffraction
spot is due teo a grain boundafy precipitate. Like the base, this
preclpitate is a cublc system with thé precipitation occurring under
the same orientational relationship. Assuming that the lattlce
constant of the base is 3.534 A as obtained through X-ray diffrac-
tion, the lattice constant of this precipitate is calculated to.be

[-]
10.60 E. The lattice constant of Cr is reported to be 10.638 A

23%
. o
[20] while the abhove-mentioned value of 10.60 A is slightly less, so

that the precipitate can be considered to be M C6 in which part of

23
the Cr in Cr23C6 has been substituted by other elements (Fe, V,
ete,).
Photo. 8 a) is a precipitate inside the grain, and judging 789

from its precipitation morphology, it would seem to be the same as
the thread-like precipitates shown in the,extraétion replica of
Photo. 6 d). In the dark field image b}, whieh was photographed
using a‘small spot inside the base spot,'the thread-like precipi-
tate is ;ﬁ@;ﬁ@ﬁ%&p But since some parts are more luminous than
others, a further study is necessary iﬂ order to clarify the de-
failed forﬁ and structure of this'precipitate. From the diffraction
pattern ¢), 1t 1s seen that the precipitate is a cubic system like‘
the base and that its precipitatlion occurs under the same orienta-
tional rélationship. This coincides with the finding by Silcock[i&]

that carbide V,C, has a cube-~-cube orientational relatlonship with

3
its base. Also, the lattice constant of this thread-like precipi-
tate 1s calculated from the 1éttice constant value of the base to

Q ' &
be 4.06 A. By comparing it to such data as VC (14%C, 4.16A, cubic)EHﬂ




and VN (0.72N, L4.066 3, cubie) [2i] in the bibliography, and by
taking the chemical composition of the sample into account, the
precipitate could be considered to be V carbide (nitride}, V(C, i),

in which part of the carbon in VC has been substituted by nitrogen.

4. Discussion

As spated earlier, the optimal addition amounts of Ti énd
Nb for the improvement of the high temperature strength in 18-10
Ti steel and 18-10 Nb steel vary according to the temperature
used and the desired life-time. In the case of Nb steel, for ex-
ample,.Nb/C values of over 0.7 are suiltable for rupture strength
at 650°C and 103 hours, while ¥alues 6fiaround 0.2 - 0.3 give the
maximum strength for rupture strength at TOOOC and 10li hours.
In the case of Ti steel, too, the Ti/C value is optimal at about
1.2 for rupture strength at 65000 and 103 hours, whilg Ti/C of 0.8
demonstrates the maximum rupture strength at TODOC.and 10u hours.
Since the optimal addition amounts vary according to the conditions
of use in this manner, it is not possible to define fixed addition
amounts. But at any rate, the conventional concept in corrosibn
resisting steel that C cris - fixed adequately by making the Ti/C
or Nb/C atomic ratio more than 1 is not FuSP unsultable for heat
resisting steel. The addltion of excessive amounts of Ti or Nb
tends to destroy the effects of the addition of the sulitable amounts,
with this tendency becoming more pronounced on the high tempera-
ture, long time period slde. In other words, the compositions of
the conventilonal 321 and 3&7 steels can hardly be termed optimal

when seen from the viewpoint of high temperature creep rupture

e
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strength alone. It is believed, therefore, that when Ti or Nb

is being added to steel for the purpose of heat resistance, suita-
ble addition amounts must be selected on the basis of the conditions
of use.

It also became apparent from the results of this experiment
that V, which 1s rarely added to heat resisting steel, can lmprove
creep rupture strength considerably. 1t is believed that Vlcan
become an effectlve alloying elément‘with respect €o high tempera—.
ture strength if deterioration of reéiépance to high tempeéerature
oxidation could be prevented. In particular, creep rupture
strength at 600°¢ 1is improved markedl& by the addition of V, and
thls effect becomes stronger toward the long time period side.

In the past, it has been thought that the high temperatﬁre
strengthening mechanism of Ti“of Nb in 321 or 347 steel involved
ﬁhe precipitation of Ti or Nb in the form of stable MC type car-
bides which increased the‘dreep resistance. But 1n actuality, it
may not.necessarily be that simple. First of all, the morpholoéy
of the precipitatiﬁn of the MC type carbides, particularly forﬁ:
size and distribufion,.must.vary according to the additicn amount,
temperature, stress and so on, so that its contribution'to strength
would naturally change also. Furthermore, these MC type carbides
undergo changes other than precipitaticn and agglomerétion. As
observed in Ti steel, some change their morphoiOgy, or, as in the
case of V Sﬁeel, some change from V,C to VC. In addition, even
in steels in which C is considered to be-adequatély stabiliéed by
Ti, Nb and V, the incidental precipitation of M23C6 takes placei} -

while even more precipitation of M23C6 oceurs in steels with small

AR,

S!
-

[\

-3

¥ &
TR



amounts of Ti, Nb .and V.

These phenomena make it even more difficult tojéﬁi?@liéﬁga'suf~
ficient correlation between creep strength and structural changes,
but within the scope of this experiment, the foliowing 4 points
may be cited as the princlpal factors in the high temperature
streﬁgthening effect of strong carbide forming elements such as
Ti, Nb ana v.

1) Carbides precipitafed in graﬁular form"in a gamma base
contribute to improvement in creep resistance. This 1s supported
by the fact that granular MC type carbides are often observed in
Ti steel or Nb steel and by experimental results showing corres-
ponding increases in creep strength. A remarkable increase in
creep rupture strength at 600°C with the addition of V is believed
Lo be due to the solilid solution strengthening effect of V together

with the Inhibition of the agglomeratlion of M G6 precipitating

23
inside the gralns, which maintains the strengthening effect of its
dispersion inside the grains over a long period of time. Within

the range in which the ﬁrecipitation of granular V,C is observed

2
in a sample ruptured at TDOOC, the creep rupture curve does not yet
show a bend but shows high rupture strength. From this, it is be-
lieved that granular precipitation inside the gamma grains contri-
butes.to the improvement of high temperature strength.

2) With the periphery of the MC type carbides as its precipi-
tatioﬁ site, M5,C, is precipitated with good dispersion not only
on the grain boundarles but also on the Inside of the gamma grains.

As seen in the aged samples of Photos 1 and 4, M2306 is obéerved

‘growing with the MC carbides as 1ts nuclei. There is thus a cor-

[28]



relation between the precipitation of M and the precipltation

23%
of MC, and 1t 1s believed that the dispersed precipitation of MESC6
inside the gamma grains is accelerated by the presence of MC.
3) MC type carbides precipitated on dislocations obstruct the
dislocation movement. It is often observed that NbC carbide 1s
easlily precipitated on defects such as dislocations during aging
at high temperatufes. It is to be expected that such a type of
precipitation would occur during creep deformation as well, and
it is easily supposed that there would be some kind of interaction
between this type of precipitation and diélocation.‘ Also, a large
amnount of thread-like V carbidés was found in steels with V added,
and it is belleved that these also contribute to the strengthening
effect by undergoing some sort of interaction with the dislocatlions.
4} In the increase of creep rupture strength in steels with added
'V at 600°, the solid solution strengtheniné effect of V 1s believed
to be playing a major roie since the amount of precipitating V . ﬂiﬁi]
carbides is small and since most of the V can be assumed to be dis-
solved in the gamma base. T1 and Nb are also believed to contribute
to the strengthening effect by dissolving in the gamma base during
stages at whilch their precipitation has not progressed sufficient-
1y. The conspicuous inerease in strengths demonstrated by the
steels witﬁ added Ti on the short time pericd side in Fig. 1 1s
probably due to dissolved Ti.
These actions of the carbides and the dissolved elements
mentioned above are believed to be the principal factors.ehind
the increased strengths of the Ti steels, Nb steels and,Vféteels,
but in the case of the Ti steels, the strength deeclines on the
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long time beriod side Wﬁen the amount of Ti increases as shown

in Fig. 1. The temperature and time range withln which this
strength deeline occurs is similar to the rggggiiﬁi§hich the pre~
cipitation of the thread-like TiC referred to in a section on
structural observation occurs. The strength deterioration of
high Ti steel on the long time period side has already been re-
cognized by Gyoshun [8] and its correlation with needle-like pre-
clpitates of Cf3C2 has been suggested as the cause, but Cr302 was
not detected wlthin the scope of this experiment. In the case of
V steels too, a téndency toward strength deterioration was observed
on the long time périod side of the creep rupture curves at TOOOC
which showed bends. VThread—like V. carbides were also detected in
this case. At 80000, thread-like carbldes were observed in all
of the sampies, and here again, the rupture strengths showed a
tendency toward deterioration similar to that which was seen on
the long time period side at TOOOC. From these findings, 1t is
supposed that the strengthening effect of carbide dispersion in
the thread-like precipitates is weaker compared to that of the
granular precipitates inside the gamma grains, and that a decline
in rupture strength may be caused by the change in the form of the
precipitates from granular to thread-like. As for the causes be-
hind the smaller contribution of the thread-like precipitates to
creep rupfure strength compared to the granular precipitates, the
following points are conceivable. The thread-like precipitates |
are in a state in which the carbides héve undergone the somcalied
segregation process, so that the probability of their obstructing

the dislocation movement is lower than in the case of the granular
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pPrecipitates in which the sizes of the individual carbides are
smaller but the dispersion of the granular forms is uniform. AlSo,
the tbread-like preclpitates can easily become the starting points
of micro cracks durlng rupture. But these points are stilll within
the realm of supposition, so that the particulars remain to be ex~
plored in future research.

It 15 also believed that in the discussion of the correlation
between creeplrupture strength and microstructure, the strength of}
the grain boundary and the strength inside the grain must be con-
sidered separately. It would seem that since the added elements‘
Ti, Nb and V were elther dissolvéd in the bases or preclpitated
méinly inside the grains with practically no tendency fof their
segregation on the grain boundaries observed, they would have
practically no effect on the strength of the grain boundary.

However, in the case of regular high Cr-Ni stainless steel
which contains no Ti, Nb or V, preferential as well as coarse pre-

cipitation of M ceccurs on the grain boundaries, and it is

23%

maintalined that such M rather than contrlbuting to the

2306’ 7
strengthening of the grain boundaries, can easlly become the ordgin
of micro cracks (22]. On the other hand, when T1, Nb and V are
added, the precipitation of M2306 occurs dispersed inside the
grains and a tendency 1s observed for the M2306 on the grain boun-
daries to decrease. From these findings, it is belleved that Ti,
Nb and V prevent the decline in grain boundary strength indirectly,
but there 1s still need for investigation with respect to the par-

ticulars.
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5. Coneclusion

The effects of strong carbide forming elements Ti, Nb and v
on the creep rupture strength and the structure of precipitated
carbides in 18%Cr-10%4Ni-0.1%C series stainless steel were studied
and the following conclusions were obtained.

1) In the case of the addition of Ti, the rupture strength
at 650°C and 10° hours reaches the maximum for the Ti/C (atomic
ratio) value of 1.2, with the rupture strengﬁh declining with
further increase in the Ti/C value. As the temperature hecomes
higher and the time pericd loﬂger, this Ti/C ratio for maximum
strength shifts toward lower values, so that in the case of TOGOC
and 10” nours the strength reaches the maximum at about 0.8.

*2) In the case of steel with added Nb, saturation occurs at
the Nb/C value of about 0.7 for the rupture Strength at 65000 and
103 hours, but in the case of higher>témperatures and longer time
periods a further increase in Nb/C causes the strength to decline
somewhat ., In the case of the rupture strength at 700°C and lOu
hours, the maximum stfength is demonstrated at Nb/C of 0.2 -~ 0.4,

3) The creep rupture strength is also improved by the addi-
tion of V, but the effect of V is stronger on the low temperature
side. Therrupture strength forllo3 hours improves with lncrease
in the V/C atomlce ratio at 60000, but for YOOOC and 800%C it reaches
the maximum at the V/C ratio of about 1. Improvement in strength
is not observed when thé V/C ratio is increased further.

4} The increase in creep rupture strength caused by the addi-
tion of Ti, Nb and V 1s belleved to be due largely to the fine,

uniform dispersion of granular M2306 precipitated inside the‘gamﬁé



grains. It is supposed that the MC type carbides of Ti and Nb
have the effect of accelerating the dispersed precipiltation of
these M23C6 carbides inside the gamma gralns., Also, the méfked
increage in the creep rupture strength at GOOOC caused by V is
believed to be due 1n large part to the solid solution strength-

ening effect of V.
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